Pasteur (1862) The basic technique employed in the early silica gel preparations was the addition of aqueous sodium or potassium silicate solution to hydrochloric acid (equal volumes), followed by dialysis through parchment until there was no trace of chloride ion in the dialysate. The resulting solution was stable to sterilization and could be solidified in the plate through the addition of a drop of concentrated sodium chloride solution.
first suggested that microorganisms were involved in the conversion of ammonia to nitrate in the soil. Schl6sing and Muntz (1887) performed the classic experiment in which ammonia (in the form of sewage) was dripped into the top of a column of soil and nitrate removed at the bottom. The resulting nitrification was shown to have been brought about through the action of living organisms, but attempts to isolate the organism in pure culture failed. Winogradsky (1890a, b) turned his attention to the nitrification process and secured, after much effort, what he believed to be a pure culture of the organism responsible by growing it anaerobically on a completely inorganic medium. After negative efforts to obtain colonies on gelatin he obtained cultures by the use of a silica gel, the biological application of which was first noted by Roberts (1868) and first used by Kuhne (1890) . Winogradsky (1891) was finally able to identify the nitrifying bacteria and study their metabolic activities.
The basic technique employed in the early silica gel preparations was the addition of aqueous sodium or potassium silicate solution to hydrochloric acid (equal volumes), followed by dialysis through parchment until there was no trace of chloride ion in the dialysate. The resulting solution was stable to sterilization and could be solidified in the plate through the addition of a drop of concentrated sodium chloride solution. Nutrients were added by diffusion. The use and general review of this technique are given by Omeliansky (1899), Bojanovsky (1925) , and Boltjes (1935) .
Because of its apparent greater simplicity the "gel-in-plate" method, first described in its essentials by Kuhne (1890) , and first used for microbiological purposes by Beijerinck (1904) and since used or referred to by Stevens and Temple (1908) , Doryland (1916) , Winogradsky (1925) , Waksman and Cary (1926) , Styer (1930) , and Hanks and Weintraub (1936) of adding equal volumes of either sodium or potassium silicates to an acid such as sulfuric, phosphoric, or hydrochloric, or a combination of them in such concentration as will result in a mixture with pH close to 7.0.
The proper combination may be adjusted to gel in a short time after it is poured into Petri dishes, and the subsequent operations of dialysis, if necessary, and diffusion of nutrients can be performed on the gelled mixture. Hanks and Weintraub (1936) were able to develop a gel along these general lines which could be autoclaved without undue damage to the gel, if the conditions were carefully controlled.
More recently Moore (1940) has suggested the use of silica gels for the cultivation of halophilic organisms. Sterges (1942) adopted a complicated apparatus for the introduction of reagents into Petri dishes, with sterility maintained throughout the process, following the "gel-in-plate" method. Ingelman and Laurell (1947) suggested the use of ortho-silicic-acid-tetra-ethyl ether as silica source, in a rather complex technique. Taylor (1950) has suggested the use of an ion exchange column (Soucol)2 to remove sodium from sodium silicate, thus causing the resulting solution to have an acid pH. Under these conditions it is stable and can be autoclaved, with gellation later induced through the action of sodium chloride or ammonium sulfate. Temple (1949) advocated the use of Ludox3 (see later) diluted to one third, with nutrients added and pH adjusted, as a silicic acid preparation which could be gelled by the application of heat in an autoclave and thus sterilized simultaneously. Unfortunately, no method or procedure was given by the author.
Independently and quite accidentally the gelling properties of Ludox, a DuPont product, were discovered in these laboratories. Ludox is an opalescent aqueous colloidal solution containing approximately 30 per cent SiO2 with a small amount of alkali added as a stabilizing agent. Chemically the product might be considered as a colloidal solution of hydrated silica or a polymerized form of silicic acid in solution. In contrast to sodium silicate, Ludox contains no significant amount of alkali and, in general, has few properties in common with alkaline silicates. An extensive study of the gelling properties of Ludox has been carried out, with special reference to developing a suitable inorganic solidifier and to overcoming some of the previous difficulties in obtaining reliable silica gel preparations of exact composition. It is the primary purpose of this paper to present our results with the hope that they may prove useful and valuable to others who may wish to carry the work further.
EXPERIMENTAL METHODS
Ludox, as commercially supplied, contains 0.31 per cent to 0.41 per cent Na2O and a maximum of sulfates (as Na2SO4) of 0.15 per cent. In order to remove these elements and other ions present in much smaller amount, recourse was had to ion exchange resins. As mentioned above, Taylor (1950) (1950a, b; 1951; 1952) . In our operations with Ludox, the Monobed5 employed was regenerated with 10 per cent hydrochloric acid (for the anion resin), and 4 per cent sodium hydroxide (for the cation resin).
Ludox enters the column at a pH ranging between 9.5 and 10. As the chief action of the column is to remove sodium and replace it with hydrogen ion, the effluent Ludox is removed at a pH of approximately 2.5-3.0. After de-ionizations, it is somewhat less opalescent though not water-clear in color. At this pH it is stable (will not gel spontaneously) for a period of at least several days. We have found that the resin will regenerate two to three times its volume of Ludox. Care must be taken, however, not to overpass the end point of resin saturation. If the anion exchange resin is the first to become saturated, chlorine ions will appear in the effluent, and the pH will show a drop to 1.0 or less within a short period of time. If the cation exchanger becomes saturated first, there will be a sharp break from an acid pH of 2.5-3.0 to a pH above 7.0, as sodium ions begin to come through. It is recommended that the easiest method in practice is to allow sufficient surplus of the anion exchange resin so that the cation resin becomes saturated first. Saturation of the latter is easy to detect quickly with an appropriate indicator solution such as Congo Red.
Gelation apparently depends largely upon the amount of silica present; the amount, and to a lesser extent, the nature of ions present; on pH, time, and temperature. Although it is not always possible to make the ideal gel, compromising the above factors with reference to the particular needs of the experimenter can generally be done in such a way as to produce a satisfactory result. With care, gels can be made with all degrees of hardness from semi-liquid to as hard or harder than can be prepared by the use of agar. The modified formulae (table 1) based on a number of standard nutrient agars developed for a diversity of purposes are submitted as indications only, since the adaptability of the formulae given to produce an ideal gel depends to some extent upon the exact nature of the de-ionized Ludox obtained from the ion exchange column. This may vary somewhat according to construction, technique, and use of the column. Indications of changes which will increase the power of gelation and changes which will decrease gelation are given below so that the formulae may be adjusted to meet individual requirements.
In all cases, the amounts given are for final quantities of 100-ml solution before gelation. The listed ingredients are added to distilled water. After they have completely dissolved, the de-ionized Ludox is added. In the case of the meat extract gel and Sabouraud's gel, this may cause partial gelation immediately and the solution, although still liquid, will become quite cloudy (Sabouraud's will return to clarity after adjustment of h Rohm and Haas Co., Philadelphia, Pennsylvania. successful procedure has been followed, the heat of the autoclave will cause gelation and the sterile plates will be ready for use as soon as they cool. It is the cooling and concomitant shrinkage of the gel that causes formation of cracks. Cracks will form unless the gel is fairly soft. Although they detract from the appearance of the plate, they do not necessarily mean that the gel is too hard for use.
The following steps may be taken to increase the strength (hardness) of gelation: 1) the amount of free ions may be increased by the addition of sodium chloride in small amounts additional to those prescribed in the formula; 2) the lowering of pH will cause a marked increase in geling power; 3) the ratio of Ludox to water (that is, amount of silica present) may be increased. The latter will influence the hardness of the gel to some extent, but the higher the amount of silica the narrower is the range of other conditions which will produce good gels. Any two of these modifications may be varied reciprocally as the needs of the situation require. Of the gels above, the meat extract gel is the easiest to prepare.
The schedule described here combines the advantage of sterilization and gelation in the plate with the disadvantage of a tendency to crack in cooling. This disadvantage can be completely eliminated, if desirable, by adjusting the components of the gel in such a way that gelation does not occur in the autoclave. The ideal end product is one in which a slight skin forms over the surface of the silica sol upon autoclaving. Plates forming this skin will gel spontaneously in a day or two to form a soft firm gel. Silica gel has a tendency to dry rapidly under ordinary laboratory conditions. If the plates are to be kept for more than a few days, especially during the winter months, they should be placed in a moist chamber or sealed with a plastic film.
DISCUSSION
The method of preparing silica gels developed in this study combines the advantage of 1) utilizing an initially nearly pure silica source (Ludox contains only a small amount of base); 2) purification of the colloidal silica through the use of ion exchange systems, utilizing simultaneously both anion and cation exchange; 3) sterilization as a means of causing gelation of the desired medium. It should be emphasized that the procedures proposed are capable of much modification and, primarily, provide a basis for the further development of a wide range of inorganic gels and media adaptable to microbiological research.
SUMMARY
The use of inorganic media involving silica as a means of culturing microorganisms is reviewed. A series of tested formulae and methods of preparation for microbiological investigations are presented, and suggestions made for the adaptation of organic nutrients to this inorganic medium.
